The establishment of a left-right (LR) organizer in the form of the ventral node is an absolute prerequisite for patterning the tissues on contralateral sides of the body of the mouse embryo. The experimental findings to date are consistent with a mechanistic paradigm that the laterality information, which is generated in the ventral node, elicits asymmetric molecular activity and cellular behaviour in the perinodal tissues. This information is then relayed to the cells in the lateral plate mesoderm (LPM) when the leftspecific signal is processed and translated into LR body asymmetry. Here, we reflect on our current knowledge and speculate on the following: (a) what are the requisite anatomical and functional attributes of an LR organizer, (b) what asymmetric information is emanated from this organizer, and (c) how this information is transferred across the paraxial tissue compartment and elicits a molecular response specifically in the LPM.
The preamble
Early embryogenesis proceeds by breaking the symmetry, albeit radial or planar, of the embryo architecture to generate regionalized tissue patterns along the three orthogonal body axes: the anterior-posterior (AP), dorsoventral (DV) and LR axes. In the post-implantation mouse embryo, the prospective AP axis is heralded by the polarization of the head primordium on the anterior side and the primitive streak on the posterior (tail) side of the embryo, while the prospective DV axis is delineated by the stacking order of the three germ layers: the ectoderm being dorsal, the endoderm being ventral and the mesoderm between the two. An axiom of geometry stipulates that, in a three-dimensional structure, once the orientation of two orthogonal axes is delineated, the third axis would be spatially defined by default. Whether the body axes of an embryo are established in such a manner, and which of the three is the last to be defined, is not known. It is often argued that LR is the last axis to be specified and, in terms of the expression of currently characterized molecular markers, it appears last. However, a recent study showed that scrambling the blastomeres and re-constructing the eight-cell mouse embryo could lead to an increased frequency of reversed direction of axis rotation of midgestation embryo. This finding suggests that the timing for defining LR asymmetry, in the context of specifying the spatial information pertaining to LR body patterning, might be pushed back to the pre-implantation stage of mouse development [1] .
It is important to understand that, beyond specifying the orientation of the axis, additional information is required for determining its polarity. In this context, the tissue patterns in the lateral body axis are further refined by breaking the bilateral symmetry to create LR difference in the body plan. This will be translated into the asymmetry in tissue morphogenesis, such as the different rate of cell proliferation and asymmetric growth of the gut mesentery; and the situ of internal organs, such as the different anatomy of the left and right lung, lopsided positioning of organs, such as the stomach, liver, pancreas and spleen, and the rotation of the gut. This commentary focuses on the mechanistic events and the developmental processes that underpin the establishment of the LR body asymmetry during embryonic development.
To build a LR organizer
The structure that acts as the LR organizer of the mouse embryo is the node (Figure 1) . Cells of the node are recruited from the epiblast cells in the anterior region of the primitive streak. These cells are organized into a domain of columnar epithelium (known as the ventral node) that is intercalated between the anterior notochord and the primitive streak in the midline of the embryo [2, 3] . The formation of the ventral node is dependent on the activity of transcription factors (e.g. Brachyury, NOTO, forkhead box protein A2 [FOXA2], and zinc finger of the cerebellum [ZIC3]) and signaling pathway (such as Nodal and Notch) [4] [5] [6] [7] [8] [9] [10] . However, it is unclear how these activities may control the morphogenesis and the placement of the ventral node. A recent study [11] has highlighted the role of a cell-matrix interaction mediated by the activity of the integrin a5b1 receptor and its extracellular ligand, fibronectin, in shaping and positioning the node. In the Itga5-null and Fn1-null embryo, the ventral node has the pointed pole facing posteriorly (instead of anteriorly), with a shallow pit and seated off the midline. Some nodal cells are overlaid by the visceral endoderm, thus giving an impression that the node has an irregular shape. Cells of the Fn1-null ventral node, in particular, do not display the apical F-actin rings or the constriction of the apical part of the cell that faces the nodal pit. It remains unclear how the loss of integrin a5b1 may alter the cell-matrix interaction in a mechanistic context to control the morphogenesis of the ventral node and the acquisition of apicobasal polarity of the nodal pit cells. Both Itga5-null and Fn1-null embryo display abnormal LR patterning. These findings show that the formation of a ventral node with proper geometry, comprising cells displaying a proper apicobasal polarity at the midline, is a prerequisite of LR patterning.
Most of the cells located at the central region of the ventral node (the pit cells) of the mouse embryo are decorated with a motile cilium. The cilium is assembled from the motor protein dyneins, intraflagellar transport proteins and axonemal proteins, together with many other proteins [12] (Figure 1 ). The assembly of the axonemes and the cilia proper is regulated by the activity of the ciliary targeting complexes that interact with Pitchfork protein, the activation of Aurora A kinase and the deployment of FOXJ1 by NOTO to transactivate Rfx3 and other ciliary genes [13] . The basal bodies of the motile cilia are located on the posterior side of the pit cells and the cilia are tilted towards the posterior side of the node due to the dome-shape of the cells. These motile cilia display clockwise rotational movement (when viewed from the apical aspect of the cell). The posterior tilting of the motile cilia, which determines the elevation (relative to the cell surface) of the forward (high and leftward) and return (low and rightward) strokes of the cilia is instrumental in propelling the fluid across the node. This rotational action of the cilia creates a leftward flow of the fluid across the ventral node [14] (Figure 1) . It has been shown that the immediate effect of the fluid flow that is initiated soon after the onset of ciliary rotation is sufficient for establishing the LR asymmetry [15] . However, it may be noted that the flow of nodal fluid in the mouse embryo is generated within a confined space enclosed by the ventral node and the parietal yolk sac ( Figure 1 ). The dynamics of nodal flow in vivo have not been examined. It is possible that the flow pattern in this confined space may be very different from that observed in an open ventral node in an experimental setting.
The polarized location of the motile cells may be driven by the activity of the planar cell polarity pathway revealed by the different distribution of planar cell polarity factors (e.g. Prickle2, Vangl1 and Dishevelled) to the anterior and posterior sides of the ventral node cells [13, 16] and the activity of the Foxj1-Noto molecular cascade [17] . It is of interest that in the Itga5-and Fn1-null embryo, the structure and the posterior position of the cilia on the pit cells are unaffected in the malformed ventral node. There is, however, ectopic expression of Arl13b, a ciliary protein associated with the primary cilia, on the basal side of the Fn1-null pit cells, though the functional significance of this defect is not known [11] . Whether an effective leftward nodal flow is still generated by the action of the motile cilia in the mutant embryo has not been examined. The fact that the mutant embryos display an LR patterning defect suggests that any fluid flow that may be generated is of little functional consequence.
Motile cilia also generate unidirectional fluid flow in the LR organizer of fish and frog embryos, the Kupffer's vesicle and the gastrocoel roof plate, respectively [18] . In the Kupffer's vesicle, which contains an enclosed space lined by ciliated cells, the pattern of asymmetric fluid movement (tracked by live-imaging in situ) is influenced by the length of cilia [18] . In the mouse, the length of the cilia increases progressively under the influence of Notch signaling activity following ciliogenesis [8] . In Pifo-and Noto-mutant mouse embryos, the nodal cilia are short and malformed, which may compromise the efficiency of fluid propulsion [5, 13] .
In the Kupffer's vesicle, the spatial distribution of the ciliated cells (which are predominantly clustered in the dorsal-anterior region of the vesicle) and the activity of cilia with a high beat frequency that may generate most of the fluid flow activity are key to the generation of a productive fluid flow [19] . In this regard, the abnormal shape of the LR organizer and the re-distribution of the bulk of ciliated cells to the anterior domain of the ventral node [11] in the Itga1-and Fn1-null embryo may be contributing factors to the LR defects. However, it remains unclear if these abnormalities of the ventral node are associated with aberrant ciliary function and nodal flow.
In the zebrafish, the fluid flow generated by one or two cilia on one side of the vesicle is sufficient to determine the LR pattern of the liver and heart [19] . Similarly, in the Dpcd mutant mouse embryo as few as two motile cilia in the ventral node can fulfil the function to drive LR patterning and this attribute appears to be independent of the position of the cilia in the ventral node [20] . In the mutant embryos that only have a few cilia and still show normal LR pattern, these cilia are correctly tilted. Most likely it is the direction of the flow, not the velocity, that is important for LR symmetry breaking.
In contrast to the pit cells, the majority (~90%) of the cells located at the edge of the node (the crown cells) have immotile cilia [15, 21] . Diversity in the cilia type is generated by the activity of lineage-specific transcription factors on the target genes, such as polycystic kidney disease 2 (Pkd2) and Pkd1l1. Both genes are expressed in the node [22, 23] . They encode the Ca 2+ channel and the putative molecule for force sensing, respectively, and are regarded as components of the mechanoreceptor on the cilia. In view of the difference in the motility, these two types of monocilia are reputed to serve different functions in the LR patterning process: with the motile cilia generating the directional fluid flow and the immotile cilia being the receiver of the morphogenetic information, for example, by sensing the direction and force of the fluid flow.
In summary, our knowledge has pinpointed the minimal anatomical and functional attributes of an LR organizer for the mouse embryo. It would be a midline epithelial structure that adopts a pit-like configuration and is exposed to a confined fluid-filled space. The central part of the epithelial pit is populated by planar polarized cells (the nodal pit cells), each carrying a motile monocilium at a posterior location on the apical aspect of the cell. The rotational activity of these cilia in a small subpopulation of strategically clustered cells can generate sufficient locomotion to drive a unidirectional flow of fluid across the organizer, with the efficacy of the flow determined by the geometry of the organizer and the enclosure. Incorporated into this organizer are cells with means to perceive the positional information conveyed by the fluid flow or other processes connected to the ciliary motion and cellular polarity.
While LR symmetry breaking in several vertebrates involves directional flow that is generated by rotational movement of cilia, there are exceptions. The chick embryo uses a different strategy for symmetry breaking: leftward movement of Hensen's node cells instead of the ciliarydriven fluid flow [24] . This leftward cell movement is transient and required for subsequent LR asymmetric gene expression in the lateral plate. A recent study [25] shows that N-cadherin is responsible for terminating this cell movement. Furthermore, the pig embryo seems to lack motile cilia in the ventral node [24] .
What is the nature of the patterning information received by and emanated from the LR organiser?
The direction of fluid flow is critical for eliciting the proper asymmetric enhancement of Nodal expression and the downstream molecular activity in the perinodal tissues. Reversing the flow across an exposed node by external means can switch on the left-specific molecular activity on the right side of the mouse embryo cultured in vitro [26, 27] . It is, therefore, plausible that the fluid flow elicits a mechanical trigger in the responding cells, most likely the crown cells, in the peripheral region of the ventral node (Figure 2 ). In the mouse embryo, the pit cell-specific expression of Pkd2 fails to rescue LR defects of the Pkd2 −/− embryo, suggesting that motile cilia of pit cells are unable to sense the flow [21] . However, there may be some differences between species. For example, motile cilia of the Kupffer's vesicle of the medaka embryo may sense the fluid flow because all/most of the cilia in the Kupffer's vesicle are of the motile type [22] . The presence or absence of immotile cilia in the Kupffer's vesicle needs to be investigated further.
It is not known how the fluid flow is sensed by the immotile cilia. Various parameters, such as the direction of the flow, the amplitude of the mechanical force, and the frequency of the impacting waves might be gauged. Alternatively, the immotile cilia may recognize certain as yet unknown molecules that are transported by the flow toward the sensor, such as signaling ligands, morphogenetic factors, or small chemical compounds ( Figure 2 ). There is no direct evidence for or against either possibility.
As for the latter possibility, no candidate molecule or its carrier of the appropriate physicochemical properties that could be delivered by the flow has been identified. It is also possible that the rotational cilia activity and the directional fluid flow are reflecting an underlying process of relaying planar inductive signaling or electrochemical flux activity across the epithelial cells of the ventral node. While there is compelling evidence supporting the fluid transport of small particles naturally present in the Kupffer's vesicle in the Zebrafish [19] and of lipophilic-dye-labelled membrane vesicles in ventral node of the mouse embryo in vitro [27] , they do not strictly distinguish between the mechanosensory and chemosensory models. To directly address this issue, it is necessary to develop a new experimental system that could test the functional output of the fluid flow in a biochemical, biophysical and/or hydrodynamic context.
Irrespective of whether immotile cilia of crown cells may act as mechano-or chemosensors, crown cells respond to the flow, most likely via Pkd2-mediated Ca 2+ signaling. The most immediate target of the flow is Cerl2 (also called Dand5), a gene encoding a Nodal antagonist, which is the mouse homologue of Coco (frog) and Charon (fish) genes [20, 28, 29] (Figure 2 ). Flow-mediated signaling regulates Cerl2 expression not at the transcriptional level but at posttranscriptional level. Cerl2 mRNA seems to be degraded more rapidly on the left side of the node in response to the flow via some regulatory activity on the 3'-untranslated region (UTR) sequence [30] . The precise mechanism of Cerl2 mRNA degradation, however, remains unknown. The outcome of the differential sustenance of Cerl2 mRNA between the two sides of the LR organizer leads to a higher level of expression of Cerl2 in the crown cells, and dampens the Nodal activity on the right side of the node.
The patterning information emanating from the LR organiser is likely to be Nodal in the form of a Nodal-GDF1 heterodimer that is produced and secreted by crown cells. Nodal is expressed by the crown cells on both sides of the node but is more abundant on the left side. This molecular cascade of activity from the leftward flow to the down-regulation of Cerl2/Coco/Charon mRNA on the left side and enhancement of left side Nodal activity at the node is conserved among fishes, frogs and mice. Cerl2 protein is later translocated across the node from the right side to the left side, which renders the left-sided enhancement of Nodal activity transient [31] .
How is this information conveyed to the target tissues to elicit an asymmetric response? The target tissue of the node-derived signal is the LPM. Thus, signals from the node will reach the lateral plate and induce the asymmetric expression of Nodal on the left side. This asymmetric Nodal expression is positively regulated by Nodal itself and negatively regulated by feedback inhibitors Lefty1 and Lefty2, making Nodal expression in LPM very dynamic and transient. Nodal signaling will induce Pitx2 expression in the left LPM. Unlike Nodal expression in LPM, asymmetric Pitx2 expression in LPM persists for a considerable period and executes LR asymmetric orga-nogenesis (reviewed in [32] ).
The node-derived signal that induces asymmetric Nodal expression in LPM is most likely the Nodal-GDF1 heterodimer. Previous data suggested that this heterodimer is transported from the node to the lateral plate, presumably via the intraembryonic route (reviewed in [32] ) (Figure 3 ). Node cells secrete vesicular parcels called nodal vesicular parcels (NVPs) [24] , but it is not known if NVPs carry the signaling molecules that regulate asymmetric Nodal expression in an instructive way. The transport of the heterodimer may be facilitated by the interaction with sulfated glycosaminoglycan in the extracellular matrix along the route from the node to the LPM [33] . Alternatively, the Nodal protein that is secreted into the node cavity may be transported toward the left side of the node by the flow and may be incorporated, via the crown cells, into the endoderm. The Nodal signal may then be relayed in a planar autocrine manner across the endoderm cell layer, eventually reaching the LPM where it activates the Nodal gene locally. However, this scenario is considered unlikely for several reasons. For one, exposure of the endoderm to Nodal by incubation of mouse embryos in the culture medium supplemented with recombinant Nodal protein does not affect Nodal expression in LPM, neither unilaterally or bilaterally, nor does it induce non-LPM Nodal expression. However, injection of Nodal protein into the right side of embryos induces Nodal E expression on the right LPM [33] . In the LPM, repression of Nodal-induced Pitx2 expression can be attributed to the competition by bone morphogenetic protein (BMP)/ pSMAD1 signaling that limits the availability of SMAD4 for Nodal signaling. Overexpression of Smad4 in the mesoderm at the right side LPM activates ectopic Pitx2 expression that could be reversed by co-expressing a constitutively active activin receptor-like kinase 6 (ALK6) receptor [34] . In contrast, the enforced expression of either Smad4 or Alk6 in the endoderm has no effect on the asymmetric expression of Pitx2 in the LPM. It is possible that Nodal activity emanating from the crown cells activates other signaling pathways that act in a paracrine manner, either in the mesoderm or the endoderm, to transmit the Nodal induction signal to the LPM. Recent reports on Sox17 mutant mouse [35] [36] [37] suggest that gap junctional proteins in the endoderm are essential for the signal transfer. How to integrate these observations into a unified mechanism is a challenging proposition. One possibility, perhaps the simplest one, is the Viotti-Oki model [38] , in which endoderm-derived signals would be required for transport of active Nodal The output of left-right (LR) asymmetry information from the crown cells (and the perinodal cells) can be transmitted through the paraxial mesoderm to reach the lateral plate mesoderm. The signal is reputed to be the Nodal protein itself, or as Nodal-GDF1 complex. The integrity of the gap junction of the endoderm cells has been shown to be instrumental for LR tissue patterning. In this context, it is envisaged that the LR asymmetry information may be relayed successively by cells in the endoderm from the LR organizer to the lateral plate mesoderm. It is not known how the asymmetry information conveyed through either the mesoderm or endoderm conduit can elicit a specific response in the lateral plate mesoderm but not elsewhere in the nonresponsive tissue domain.
protein from the node to LPM. However, alternative models may be also possible.
Sox17 mutant embryo that shows LR patterning defects [35] loses the expression of Ihh in the endoderm adjacent to the LPM, which concurrently does not express Ptch1, a target of hedgehog signaling [39] . A small GTPase, Rab23, which represses GLI activity in the hedgehog pathway, is required for normal Nodal and Lefty1/2 expression in the node, floor plate and the LPM, and loss of Rab23 is associated with defective LR asymmetry [40] . The involvement of Rab23 in LR patterning raises the possibility that a localized hedgehog signal from the endoderm may underpin the specific activation of Nodal response by the LPM. However, Rab23 function in Nodal signaling is found to be independent of Gli2 or Ptch1-mediated hedgehog signaling activity [36] . This is, therefore, not consistent with a role for hedgehog activity from the endoderm in facilitating the LPM response to the LR patterning signal.
Irrespective of the mechanism and route of signal transfer, the tissue-specific response of the left LPM to the nodederived signal poses the question of why the tissue intercalated between the node and LPM, such as the paraxial and intermediate mesoderm, would not respond to the Nodal-GDF1 complex as it traverses through the mesoderm or the endoderm conduit. When Nodal or Pitx2 is induced ectopically on the right hand side of the embryo, the expression domain is invariably confined to the LPM as in the proper left hand side [23, 28, 30, 33, 35] . This may point to the existence of a zone of non-responsiveness on both sides of the embryo, which ensures that only the LPM is targeted by the LR patterning signal from the node (Figure 3) . Such non-responsiveness to Nodal may be due to the absence of both Cryptic and FoxH1 from the tissue. It is plausible that LPM-specific response is instigated by the presence of antagonists, for example, Lefty, which is reputed to have a different "diffusivity" from Nodal [41] . In addition, the absence of agonist and transcription regulators (such as FoxH1) in the paraxial mesoderm may disable the response of the Nodal signal locally in this tissue. In contrast, there may be regionalized activity of receptors and agonists that enable the response to the Nodal signal in the LPM. However, this remains a conjecture as the expression of all components including Nodal receptors has not been examined exhaustively.
Outstanding issues
We now have gleaned a fair understanding of the construction and the putative mode of action of the LR organizer of the mouse embryo, the likely nature of the positional cues and some of the molecular determinants for transducing the organizer signal to the effector tissue. 
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